GH secretagogue (GHS) is a small, synthetic compound that has the potential to stimulate GH release via its specific receptors (GHS-R). Ghrelin is a novel 28-amino acid peptide recently isolated from human and rat stomach, and it is thought to be the endogenous ligand for GHS-R. Ghrelin has a variety of physiological functions such as the stimulation of GH release or the increase of food intake by activating NPY neurons. In the present study, we investigated the effects of ghrelin on AVP release in conscious rats. Intracerebroventricular (icv) administration of ghrelin increased the plasma AVP concentration in a dose-dependent manner (1-1000 pmol/ rat), and its effect was observed as late as 60 min after the administration. Icv injection of ghrelin caused no significant change in plasma osmolality, plasma volume, or arterial blood pressure. Iv administration of ghrelin (10 nmol/rat) also increased the plasma AVP concentration, which was accompanied by a significant decrease in arterial blood pressure. Pretreatment with antiserum against NPY significantly reduced the plasma AVP increase induced by icv administration of ghrelin. These results suggest that ghrelin plays a stimulatory role in AVP release, which is possibly mediated by NPY neurons. (Endocrinology 143: 1589 -1593, 2002) 
G H SECRETAGOGUES (GHSs) are synthetic com-
pounds that are potent stimulators of GH release (1, 2) . GHSs have been reported to have a variety of physiological functions such as stimulating food intake in addition to GH-releasing activity (3, 4) . The GHSs work via a novel G protein-coupled receptor (GPCR), the GHS receptor (GHS-R). GHS-Rs are expressed in various regions of the brain including the pituitary, hypothalamus, and hippocampus (5) . Ghrelin is an endogenous ligand for GHS-R recently purified from rat and human stomach (6, 7) . Ghrelinproducing cells are most abundant in the oxyntic glands of the stomach and are also located in the hypothalamus (6, 8) . Central and peripheral administration of ghrelin potently stimulates GH release from the pituitary in rats and humans (6, 9 -11) . Ghrelin and GHSs have also been reported to affect the release of other pituitary hormones (12, 13) . GHSs activate the hypothalamo-pituitary-adrenal (HPA) axis, possibly through the stimulation of AVP neurons (14) . GHSs have been reported to stimulate AVP release from acute hypothalamic explants in vitro (15) . However, the physiological role of ghrelin in the regulation of AVP release remains unknown.
Both central and peripheral injections of ghrelin reportedly stimulate food intake (13, 16 -19) . Ghrelin expression in the stomach is up-regulated upon fasting, insulin-induced hypoglycemia, and leptin administration in rats (20) , whereas circulating ghrelin levels are decreased in human obesity (21) . This evidence indicates the important role of ghrelin in the regulation of feeding behavior. This appetiteincreasing effect of ghrelin is thought to be mediated by NPY neurons because 1) GHS-Rs are localized in arcuate nucleus NPY neurons (22) ; 2) ghrelin induces c-fos expression in NPY neurons and increases NPY mRNA in the arcuate nucleus (18) ; and 3) antibodies and antagonists of NPY abolish ghrelin-induced feeding (18, 19) . It is well known that NPY also plays important roles in the regulation of AVP release. A central injection of NPY stimulates AVP release in vivo (23) (24) (25) (26) . The findings that ghrelin could activate NPY neurons in the arcuate nucleus and that NPY has AVP release-stimulating activity suggest the possibility that ghrelin could stimulate AVP release through the NPY neurons.
In the present study, therefore, we examined the effects of central and systemic administration of ghrelin on AVP release in conscious rats and the possible involvement of NPY neurons in this effect.
Materials and Methods
Male Sprague Dawley rats (body weight 250 -300 g; Chubu Science Materials, Nagoya, Japan) were housed in a colony room maintained at 23 C with lights on from 0900 -2100 h. Rats had ad libitum access to standard rat chow and tap water until immediately before each experiment. Five days before the experiments, the rats were anesthetized by ip injection of sodium pentobarbital (50 mg/kg body weight), and a 21-gauge stainless steel cannula was inserted stereotaxically into the right lateral ventricle for intracerebroventricular (icv) administration. The stereotaxic coordinates were 0.8 mm posterior to the bregma, 1.4 mm lateral to the midline, and 4.0 mm below the surface of the skull. The cannula was fixed with dental cement and anchored to the skull with two jeweler's screws. Appropriate placement of the icv cannula was verified by an icv injection of dye after decapitation. All icv injections were in a volume of 10 l infused in 1 min. Ghrelin (Peptide Institute, Osaka, Japan) was dissolved in isotonic saline and injected icv. An equal volume of vehicle was injected as the control. All experiments were performed on conscious, unrestrained rats between 0900 and 1130 h. All procedures were performed in accordance with the institutional guidelines for animal care at Nagoya University School of Medicine, which conform to NIH Guidelines for the Care and Use of Laboratory Animals.
Abbreviations: GHS, GH secretagogue; GHS-R, GHS specific receptor; GPCR, G protein-coupled receptor; HPA, hypothalamo-pituitaryadrenal; icv, intracerebroventricular; NRS, normal rabbit serum; TP, total protein.
Exp 1
Time-course effects of icv ghrelin on AVP release. Rats were injected icv with ghrelin (100 pmol/rat) or vehicle, and blood samples were obtained by decapitation 5, 10, 20, or 60 min after the injection.
Exp 2
Dose-response effects of icv ghrelin on AVP release. Rats were injected icv with ghrelin (1, 10, 100, and 1000 pmol/rat) or vehicle, and blood samples were obtained by decapitation 20 min after the injection.
Exp 3
Effects of systemic administration of ghrelin on AVP release. Rats were anesthetized on the day before the experiment, and a polyethylene cannula was implanted into the right jugular vein for iv injection of ghrelin. On the experimental day, ghrelin (1, 10 nmol/rat) or vehicle was injected iv, and blood samples were obtained by decapitation 15 min after the injection.
Exp 4
Effects of icv injection of anti-NPY serum on ghrelin-induced AVP release. Rats were pretreated with an icv injection of anti-NPY serum (Yanaihara Institute Inc., Shizuoka, Japan) or normal rabbit serum (NRS) (Chemicon International Inc., Temecula, CA). Ghrelin (100 pmol/rat) or vehicle was injected icv 10 min after the injection of anti-NPY serum, and blood samples were obtained by decapitation 5 or 20 min after the ghrelin injection. Anti-NPY serum or NRS was injected icv at a dose of 10 l/rat.
Exp 5
Effects of ghrelin on blood pressure. Rats were anesthetized on the day before the experiment, and a polyethylene cannula was implanted into the right carotid artery for blood pressure measurement. On the experimental day, 1) ghrelin (100 pmol/rat) or vehicle was injected icv, and 2) ghrelin (1, 10 nmol/rat) or vehicle was injected iv and arterial blood pressure was recorded continuously for 20 min or 30 min after the injection. Baseline values were recorded for 10 min before the injection. Arterial blood pressure was measured with a blood pressure transducer (Gould Inc., Oxnard, CA) connected to the cannula implanted into the carotid artery.
Plasma AVP, Na ϩ , and total protein (TP) measurement
Immediately following decapitation, trunk blood was collected in a tube-containing EDTA for the determination of plasma AVP, Na ϩ , and TP. Immediately after separation, plasma AVP was extracted through a Sep-pak C18 cartridge (Waters Associates Inc., Milford, MA) and measured using a RIA kit (provided by Mitsubishi Chemical Co., Ltd., Tokyo, Japan) as previously described (25) . Plasma Na ϩ was measured using an autoanalyzer (Hitachi, Tokyo, Japan) for estimation of the change in plasma osmolality. TP was also measured by the autoanalyzer for estimation of the change in plasma volume.
Statistics
All results are expressed as mean values Ϯ sem. Multiple comparisons were evaluated by a one-way ANOVA followed by a Fisher protected least significant difference test. Differences were considered statistically significant at P Ͻ 0.05. The group size was five in all experiments.
Results

Exp 1
Time-course effects of icv ghrelin on AVP release. Icv injection of ghrelin (100 pmol/rat) significantly increased plasma AVP as early as 5 min after the injection and as late as 60 min thereafter. Plasma AVP peaked 20 min after the injection (2.51 Ϯ 0.37 pg/ml vs. control, 0.98Ϯ 0.19 pg/ml, P Ͻ 0.01, Fig. 1 ). Ghrelin did not affect plasma Na ϩ or TP, suggesting that plasma osmolality or plasma volume was not changed ( Table 1 ). The rats demonstrated no apparent changes in drinking, grooming, activity, or other behavior modifications following icv administration of ghrelin.
Exp 2
Dose-response effects of icv ghrelin on AVP release. Icv injection of ghrelin increased plasma AVP dose dependently over the range from 1-1000 pmol/rat (100 pmol/rat; 2.49 Ϯ 0.08 pg/ml vs. control, 1.03 Ϯ 0.08 pg/ml; P Ͻ 0.01, Fig. 2 ). Ghrelin did not affect plasma Na ϩ or TP.
Exp 3
Effects of systemic administration of ghrelin on AVP release. Iv injection of ghrelin (10 nmol/rat) significantly increased plasma AVP 15 min after the injection (10 pmol/rat; 2.13 Ϯ 0.18 pg/ml vs. control, 1.33 Ϯ 0.08 pg/ml; P Ͻ 0.05, Fig. 3 ).
There was no significant increase in plasma AVP after iv injection of the lower dose of ghrelin (1 nmol/rat). Ghrelin did not affect plasma Na ϩ or TP (Table 2 ).
FIG. 1. Time-course effects of ghrelin icv on AVP release. Conscious rats were injected icv with ghrelin (100 pmol/rat; E) or control (‚). After the indicated periods, the animals were killed. AVP was extracted from plasma and quantified by RIA. Values are expressed as mean Ϯ SEM (n ϭ 5). *, P Ͻ 0.05 compared with control. Values are expressed as mean Ϯ SEM (n ϭ 5).
Exp 4
Effects of anti-NPY serum on ghrelin-induced AVP release. To elucidate the possible involvement of NPY neurons in the AVP release-stimulating effect of ghrelin, we examined the effect of anti-NPY serum on ghrelin-induced AVP release. Pretreatment with anti-NPY serum significantly suppressed the ghrelin-induced AVP release both 5 min and 20 min after the ghrelin injection (Fig. 4) . Icv injection of anti-NPY serum by itself did not cause significant changes in basal plasma AVP levels (data not shown).
Exp 5
Effects of ghrelin on blood pressure. Icv injection of ghrelin (100 pmol/rat) did not cause significant changes in mean arterial blood pressure until 20 min after the injection (Table 3) . Iv injection of ghrelin (10 mol/rat) significantly decreased mean arterial blood pressure as early as 5 min after the injection and as late as 30 min after. Iv injection of a low dose of ghrelin (1 nmol/rat) also significantly decreased the blood pressure, although its effect was less potent than that of a high dose of ghrelin (Table 4) .
Discussion
Ghrelin is a recently isolated peptide thought to be an endogenous ligand for GHS-R (6). It has been reported that ghrelin has a wide variety of functions such as its GHreleasing effect and orexigenic effect (7). However, its precise physiological roles remain to be elucidated. In the present study, we evaluated the effect of ghrelin on AVP release and clearly showed that central administration of ghrelin stim- Values are expressed as mean Ϯ SEM (n ϭ 5). Values are expressed as mean Ϯ SEM (n ϭ 5).
ulated AVP release in conscious rats. This effect was so potent that even 1 pmol/rat of ghrelin significantly stimulated AVP release. The effect was also quick and long-lasting since ghrelin significantly stimulated AVP release as early as 5 min and as late as 60 min after the injection. This stimulating effect cannot be attributed to an increase in the level of osmotic or hypovolemic stimulation, because plasma Na and TP were not affected by the central injection of ghrelin. Moreover, icv injection of ghrelin caused no significant changes in blood pressure. Therefore, it is also unlikely that the changes in blood pressure caused plasma AVP changes by the central injection of ghrelin observed in this study. Furthermore, we also evaluated the effects of systemic administration of ghrelin on AVP release because ghrelin peptides are most abundant in the stomach (6) . We showed that iv injection of ghrelin clearly stimulated AVP release. Because plasma Na and TP were not affected by the iv injection of ghrelin, the stimulating effect of ghrelin iv cannot be attributed to an increase in the level of osmotic or hypovolemic stimulation. However, iv injection of ghrelin caused significant decrease in arterial blood pressure. This is compatible with the report from another group indicating that an iv bolus of ghrelin (3.1 nmol/kg) significantly decreased mean arterial pressure without a significant change in heart rate in humans (26) . Therefore, the possibility cannot be excluded that some part of the AVP-releasing effect of systemic administration of ghrelin may be caused by its hypotensive effect. Ghrelin has been reported to increase food intake by activating NPY neurons (18) . NPY is thought to be involved in the regulation of AVP release. Central injection of NPY stimulates AVP release in rats (23, 24) . Such evidence leads us to the assumption that the AVP release-stimulating effect of ghrelin is possibly mediated by NPY neurons. Therefore, we tested the effect of the immunoneutralization of endogenous NPY by icv injection of anti-NPY serum on AVP release induced by ghrelin. Results showed that the AVP releasestimulating effects of ghrelin were markedly suppressed by pretreatment with NPY antiserum, suggesting that these effects of ghrelin are possibly mediated by NPY neurons. Because ghrelin effects are quick and long-lasting as mentioned above, one may assume that there is more than one mechanism involved in the AVP release-stimulating effect of ghrelin; for example, by acting directly on the hypothalamic AVP-producing neurons at in one phase and indirectly mediated by other neurons in another phase. Therefore, we tested the effect of anti-NPY serum in both early (5 min) and late (20 min) phases, and showed that the AVP releasestimulating effect of ghrelin was markedly attenuated in both phases. A central injection of NPY reportedly causes a rapid and sustained increase in plasma AVP (26) , which has a time course similar to that of the AVP-releasing effect of ghrelin in this study. Therefore, the duration of the effect of ghrelin itself is unclear, and even though it may be short, the action of NPY neurons can be long-lasting and cause a sustained stimulation of AVP release. However, considering a report that GHSs stimulate AVP release from acute hypothalamic explants in vitro (15), we still cannot exclude the possibility that ghrelin stimulates AVP release by directly acting on AVP-producing neurons in hypothalamic paraventricular nuclei or supraoptic nuclei, because there can be no efficient connection between arcuate nuclei and paraventricular nuclei or supraoptic nuclei in acute hypothalamic explants. Further studies are needed to clarify these issues.
The full physiological importance of the AVP release-stimulating effect of ghrelin is yet to be determined. However, ghrelin expression in the stomach is increased by both fasting and insulin-induced hypoglycemia (20) . Hypoglycemia is a well-known stimulus for AVP release, but its mechanism still remains unclear. The results of the present study raise the possibility that ghrelin may be involved in the mechanism of hypoglycemia-induced AVP release. Hypoglycemia also dramatically increases plasma ACTH levels. In addition, GHS has been reported to increase ACTH, possibly through the stimulation of AVP release (14) . Therefore, one may postulate that ghrelin may be involved in the hypoglycemiainduced AVP release, which could then stimulate ACTH release from the anterior pituitary.
Ghrelin peptides are located in the stomach and the hypothalamus (6), and it remains unclear from the present study which ghrelin is more important in the regulation of AVP release. These peptides are abundant in the stomach, and it seems possible that ghrelin secreted from the stomach acts on the brain to stimulate AVP release. Systemic administration of ghrelin reportedly induces Fos and Egr-1 proteins in the hypothalamic arcuate nucleus (27) , indicating that circulating ghrelin peptides can penetrate the blood brain barrier and activate cells in the arcuate nucleus such as NPY neurons. Furthermore, we actually showed in the present study that peripherally administered ghrelin could increase AVP release. However, the concentration of ghrelin in the human circulation is low (6) , and it remains to be determined whether ghrelin released from the stomach reaches the brain in high enough concentrations to stimulate AVP release. Another possibility is that hypothalamic ghrelin is working inside the brain to stimulate AVP release. Although the expression of ghrelin in the hypothalamus is small compared with that in the stomach, it may be enough to act inside the brain. Much remains unknown about the regulation of ghrelin expressing in the hypothalamus or its physiological role, and further studies are needed to clarify these matters. In conclusion, the present studies showed that central administration of ghrelin potently stimulated AVP release in conscious rats, and that this effect was markedly attenuated by the pretreatment with NPY antiserum. These results clearly suggest that ghrelin plays a stimulatory role in the regulation of AVP release, and that the effect is possibly mediated by NPY neurons.
